Background and objectives: This study examined the risks, predictors, and mortality implications of cerebrovascular disease events after kidney transplantation in a national cohort.
T he risk for cardiovascular disease, broadly categorized as the leading cause of morbidity and mortality among patients with renal failure (1), seems to improve with kidney transplantation. Lower rates of cardiac death (2) and specific cardiac complications including myocardial infarction (3, 4) , congestive heart failure (5), and atrial fibrillation (6) have been reported among transplant recipients compared with transplant candidates on the waiting list; however, less is known about the epidemiology of cerebrovascular disease events (CVE) in ESRD or the potential for modification of CVE risk with transplantation. Whereas an analysis of American dialysis patients tracked in the Dialysis Morbidity and Mortality cohort of the United States Renal Data System (USRDS) found that kidney transplantation was associated with markedly reduced risk for stroke compared with dialysis (7), lack of information on waiting list membership prevents distinction of the benefits of transplantation from selection bias as a result of characteristics conferring transplant candidacy.
Single-center studies of transplant recipients have illustrated the adverse mortality implications of posttransplantation CVE (8 -10) , but small sample sizes and consequently few observed events limit the precision of estimated disease frequencies and the statistical power for inferences on clinical correlates. Counts of observed cases of CVE in published studies have ranged from 19 (4.7%) of 402 prevalent diagnoses in a cross-sectional study of Spanish transplant patients (8) to 48 and 54 events among variably followed cohorts of 922 and 675 American transplant recipients (9, 10) , respectively. With respect to CVE types, the study of prevalent CVE among Spanish recipients identified seven (37%) of 19 diagnoses as hemorrhagic, but published cohort studies after transplantation have either not included hemorrhagic events in the outcome definition (10) or not distinguished CVE types in results reporting (9) . None of these studies considered risk before transplantation or after allograft failure.
To advance understanding of the risks and predictors of CVE associated with kidney transplantation, we performed a retrospective study of ischemic stroke, hemorrhagic stroke, and transient ischemic attacks (TIA) among a large cohort of recent kidney transplant recipients recorded in the USRDS. We aimed to describe the incidence, clinical correlates, and mortality implications of new-onset events. We also compared variations in CVE incidence and risk profiles among transplant candidates and among recipients after allograft failure, with attention to risk predicted by time-dependent transitions from waiting list to transplantation and from transplantation to graft loss.
Materials and Methods

Data Sources
We performed sample selection, outcomes ascertainment, and covariate determinations using registry data collected by the USRDS that incorporates information from the Organ Procurement and Transplantation Network (OPTN) and Medicare billing claims records. Details of the source USRDS data, as well as limitations of Medicare claims data, have been described previously (11, 12) .
Participant Selection
The primary sample included adult (Ն18 yr of age) first renal allograft recipients who received a transplant from January 1, 1995, to December 31, 2002, with Medicare as the primary payer. We identified Medicare beneficiaries as those with Medicare "primary payer" status indicated in the "Payer History" file of the USRDS at the time of transplantation; to ensure complete Medicare billing, we also required that the Medicare payment for the initial transplant hospitalization be at least $15,000, as described previously (13) . Patients with previous and/or simultaneous multiorgan transplants were excluded. For comparison, we studied adult, Medicare-insured kidney transplant candidates who joined the waiting list in 1995 through 2002 and the subset of eligible transplant recipients who experienced graft failure during the study period. All samples were limited to patients without indications of CVE before the relevant sample entry date (transplant, waiting list entry, or graft failure), as defined next.
Definitions of Outcomes and Covariates CVE and At-Risk Periods
CVE were defined by identification of Medicare claims (Part A or B) with a corresponding diagnosis codes (International Classification of Diseases, Ninth Revision, Clinical Modification) for ischemic stroke, hemorrhagic stroke, and TIA in the sample at risk (Table 1) . Along with Medicare claims, evidence of preexisting CVE included indications of cerebrovascular disease on the Centers for Medicare and Medicaid Services Form 2728 submitted at ESRD reporting and the OPTN Recipient Registration Form. Times to the first diagnosis within a CVE category and to a composite outcome comprising any CVE were computed as duration from the time of interest (transplant, waiting list entry, or graft failure) to the earliest CVE claim. At-risk time for all models was censored at loss to follow-up, end of Medicare as primary payer status, end of study (December 31, 2002), or death for patients without concurrent CVE on date of death. For transplant recipients, total observation was also limited to 3 yr after transplantation, the time when Medicare coverage ends after kidney transplantation in the absence of age Ͼ65 yr or disability. Observation time was censored at Vertebrobasilar syndrome 435. 8 Other specified transient cerebral ischemia 435. 9 Other nonspecified transient cerebral ischemia transplantation for incidence computations among transplant candidates; similarly, at-risk time was ended at graft failure for incidence computations among transplant recipients. To allow estimation of CVE risk associated with transplant and graft failure, at-risk time was not censored at these events in regression models of CVE on the waiting list and after transplantation, respectively.
Patient-and Transplant-Related Characteristics and Outcomes
We collected the following information from the USRDS demographics file: Date of birth for age computations, gender, race, primary cause of ESRD, and date of first dialysis. Comorbid conditions and Hispanic ethnicity were drawn from the Centers for Medicare and Medicaid Services 2728 reporting form ( Table 2) . For transplant recipients, we also abstracted information on college education, employment (full or part time), body mass index (kg/m 2 ) at transplantation, and additional comorbidity diagnoses from the OPTN Recipient Registration Form. Donor and transplant procedure characteristics and dates of transplantation, waiting list registration, and graft failure were defined by OPTN reporting.
We collected induction and maintenance immunosuppression data recorded by the OPTN at transplant discharge. Associations of maintenance immunosuppression regimens were evaluated in terms of calcineurin inhibitor-antimetabolite combinations, because exposure levels and consequences of immunosuppression may be influenced by the kind of combination therapy (14,15) ( Table 2) . Because of the small number of patients without OPTN discharge records for steroids (Ͻ5%) and recent findings of poor agreement between OPTN survey reports of maintenance steroid use and pharmacy billing claims (in unique contrast to very good to excellent agreement for other maintenance immunosuppression) (16, 17) , we did not attempt to analyze associations of steroids with any study outcome. Among regimens that were not composed solely of a calcineurin inhibitor-antimetabolite pair (with or without steroids), we identified those that included rapamycin. Other maintenance regimens were classified as "nonstandard."
Statistical Analyses
We estimated the observed, cumulative incidence and 95% confidence interval (CI) of each class of CVE and the composite outcome by the product-limit (Kaplan-Meier) method. To account for differences in the distribution of baseline characteristics of the samples on the waiting list and with graft failure, as compared with transplant recipients, we also computed adjusted CVE incidences. Here we estimated incidences of new-onset CVE on the waiting list and after graft failure using Cox's regression to adjust significant correlates of CVE on the waiting list and after graft failure, respectively, to the average characteristics of the study sample that underwent transplantation. Continuous variables were categorized into clinically relevant strata. Missing categorical covariate data were grouped with the absence of a characteristic when such categories were relevant or into a category distinct from the reference group, allowing estimation of associations with the known and indicated presence of specified conditions.
We used multivariate Cox hazards analysis to obtain covariate-adjusted measures of the association (adjusted hazards ratio) of clinical factors with the risk for new-onset CVE. We considered all study factors available at the relevant origin time as candidate CVE predictors and determined final regression models by full stepwise selection. All models were stratified by year of the origin-defining event (transplant, listing, or graft failure) to minimize potential confounding by secular trends in the risk for the modeled outcomes. Transplantation was modeled as a time-varying predictor in models of CVE risk after listing, whereas allograft failure was incorporated as a time-varying predictor in models of CVE risk after transplantation. For fixed baseline factors, we assessed the proportionality of hazards over time by testing interactions between predictors and a linear function of time after transplantation. We also used Cox regression to examine CVE diagnoses as time-dependent predictors of death after transplantation. All analyses were performed with SAS for Windows software, version 9.1 (SAS Institute Inc., Cary, NC).
Sensitivity Analyses
In primary analyses, listing for transplantation was considered on an intention-to-treat basis; therefore, patients were not censored at removal from the waiting list. As sensitivity analyses, we estimated the time-dependent associations of transplantation with CVE risk on the waiting list with incorporation of censoring at first reported delisting for indications other than transplantation.
Results
Participants
During 1995 through 2002, 84,747 patients aged Ն18 yr received a first renal-only allograft, 33,186 of whom had Medicare as the primary payer at transplantation. After exclusion of 3572 patients with CVE before transplantation, the final sample of Medicare-insured kidney allograft recipients comprised 29,614 patients. Waiting list analyses were conducted among 51,504 Medicare-insured transplant candidates who entered the waiting list during the same period and did not have CVE before listing. We also identified a subset of 2954 transplant recipients who experienced graft failure during the study period but were free of CVE before graft loss. The demographic and clinical characteristics of Medicare beneficiaries recorded in the USRDS have been previously described (18 -20) . Table 2 displays the major demographic and clinical characteristics of the samples.
Incidence of Cerebrovascular Diagnoses
The cumulative incidence of new-onset CVE after transplantation was 3.0% (95% CI 2.8 to 3.2%), 4.9% (95% CI 4.6 to 5.2%), and 6.8% (95% CI 6.5 to 7.2%) at 1, 2, and 3 yr, respectively. This corresponds to an incidence density of 24.6 diagnoses per 1000 patient-years at risk. The 1-and 3-yr incidences of each type of CVE after transplantation were 1.5% (95% CI 1.4 to 1.6%) and 3.4% (95% CI 3.2 to 3.6%) for ischemic stroke, 1.4% (95% CI 1.3 to 1.6%) and 3.7% (95% CI 3.4 to 3.9%) for TIA, and 0.5% (95% CI 0.4 to 0.5%) and 1.1% (95% CI 1.0 to 1.2%) for hemorrhagic stroke.
The incidences of all types of CVE were markedly higher among transplant recipients who experienced graft failure compared with those with function, with nearly two-fold the crude incidence of the composite outcome by 3 yr (Figure 1 ) and an incidence density of 58.5 events per 1000 person-years. CVE frequencies remained higher with adjustment to the average characteristics of the study sample that underwent transplantation (Figure 2) . Adjusted cumulative incidences of CVE were 5.7% (95% CI 4.7 to 6.7%), 8.5% (95% CI 7.1 to 9.8%), and 11.2% (95% CI 9.3 to 13.1%), respectively, at 1, 2, and 3 yr after graft loss.
Among candidates on the waiting list, the incidences of CVE diagnoses were appreciably higher than those after transplantation beyond the initial observation period but generally lower b Indicates age at event defining sample inclusion (listing, transplantation, and graft failure, respectively). c Refers to time from first dialysis to listing for the sample placed on the waiting list, dialysis duration before transplantation for the transplant recipients, and time from first dialysis to graft loss among the sample of recipients with graft failure.
d Indicates era of the event defining sample inclusion (listing, transplantation, and graft failure, respectively). e P Ͻ 0.001, f P Ͻ 0.05 by 2 test for difference in frequency distribution compared with transplant recipients.
diagnosis rose more gradually after entry on the waiting list than in the peritransplantation period, the average slope on the waiting list was higher such that the adjusted cumulative incidence on the waiting list exceeded that observed after transplantation by 7 mo (Figure 2 ). The initial slope of CVE diagnoses on the waiting list was also less steep than after graft loss, but the cumulative incidences became similar by 2.5 yr of observation time. We observed similar group-specific incidences of ischemic stroke and TIA in all samples, whereas hemorrhagic stroke was the least common form of CVE in all groups during observation.
Independent Correlates of New-Onset CVE after Transplantation
Recipient factors that were consistently associated with increased risk for ischemic events, TIA, and the composite outcome after transplantation included older age, ESRD as a result of diabetes, and pretransplantation coronary artery disease ( Table 3 ). The highest risk was related to advanced patient age, such that recipients who were older than 60 yr faced approximately six times the risk for ischemic stroke and four times the risk for any CVE diagnosis compared with transplant recipients aged 18 to 30 yr. Risks for these events were also slightly higher (approximately 15 to 20%) among women than men. Relevant to consideration of competing risks, crude all-cause mortality was higher among men versus women (12.8 versus 11.6% at 3 yr; P ϭ 0.008 by log-rank test).
Risk for TIA and the composite were slightly lower among patients of Hispanic compared with non-Hispanic ethnicity. Pretransplantation smoking emerged as a potentially preventable risk factor, predicting approximately 45% increased risk for both ischemic stroke and TIA. Longer dialysis duration did not predict CVE events. The risk for hemorrhagic stroke was associated with diabetic and hypertensive renal failure and strongly correlated with baseline coronary disease. Pretransplantation obesity predicted modestly reduced risk for posttransplantation hemorrhagic events. Hemorrhagic stroke was not consistently related to recipient age.
With respect to donor and transplant factors, allograft failure strongly predicted increased risk for all CVE events, such that risk after graft loss was approximately 2.4 to 2.9 times the risk among transplant recipients who maintained graft function (Table 3 ). Other predictors of some CVE forms included recipient sensitization, older donor age, donor hypertension, and delayed graft function. Induction immunosuppression was associated with modestly reduced risk for ischemic stroke; in analysis of the composite outcome, this modest risk reduction was borne out specifically in association with antithymocyte globulin compared with no induction or other regimens. Patients who received "nonstandard" maintenance immunosuppressive regimens experienced a slight increase in the risk for both ischemic and hemorrhagic stroke. Figure 1 . Observed incidence of new-onset cerebrovascular events on the kidney transplant waiting list, after transplantation, and after allograft failure. Incidence computed by the Kaplan-Meier method. Waiting list incidence was censored at transplantation; incidence after transplantation was censored at graft failure. CVE, cerebrovascular disease event.
Independent Correlates of New-Onset CVE on the Waiting List and after Graft Failure
Similar to results among transplant recipients, risks for all CVE forms and the composite outcome on the waiting list strongly increased with ESRD as a result of diabetes; risks were modestly higher among women compared with men and slightly lower among those of Hispanic compared with non-Hispanic ethnicity ( Table 4 ). The risks for ischemic stroke, TIA, and the composite rose sharply with advancing candidate age and were also higher among candidates with ESRD as a result of hypertension and baseline coronary disease; risks for these events were lower among patients of black and other nonwhite races compared with white race. Prolonged dialysis duration before listing predicted a slight increase in the risk for acquiring at least one CVE diagnosis. In contrast to results after transplantation, the risk for hemorrhagic stroke on the waiting list showed modest age dependence and increased with prolonged dialysis duration and candidate smoking. Receipt of a kidney transplant was consistently associated with a 29 to 43% reduction in the risk for subsequent CVE events compared with remaining on the waiting list. Considered from the perspective of those who had not received a transplant (i.e., mathematically as the inverse hazards ratio), risk was 41 to 75% higher among patients who remained on the list compared with those who received a transplant. Results were similar in sensitivity analyses incorporating censoring at waiting list removal, such that transplantation was associated with a time-dependent risk ratio of 0.66 (95% CI 0.60 to 0.74) for ischemic stroke, 0.56 (95% CI 0.47 to 0.66) for TIA, 0.58 (95% 0.52 to 0.63) for hemorrhagic stroke, and 0.55 (95% 0.51 to 0.59) for any CVE event.
The risk for CVE after graft failure showed a similar pattern of age dependence as after transplantation, although the effect was less. Diabetes and recipient sensitization were also associated with postgraft loss CVE, particularly ischemic events. We did not detect independent associations of any clinical factors with risk for hemorrhagic stroke after graft failure.
Mortality Implications of Posttransplantation CVE
All forms of CVE after transplantation independently predicted increased risk for subsequent mortality, with the strongest risk conferred by hemorrhagic events. Adjusted hazards ratios for death were 10.56 (95% CI 8.89 to 12.53) after hemorrhagic stroke, 5.15 (95% CI 4.53 to 5.85) after ischemic stroke, 2.36 (95% CI 2.01 to 2.78) after TIA, and 4.67 (95% CI 4.22 to 5.18) for the CVE composite.
Discussion
In this large study of Medicare beneficiaries in the United States, we observed that new-onset CVE after kidney transplan- Figure 2 . Incidence of new-onset cerebrovascular events by kidney transplant status, with adjustment to the average characteristics of the study sample that underwent transplantation. Waiting list incidence was censored at transplantation; incidence after transplantation was censored at graft failure. Incidence estimates on the waiting list and after transplantation were computed by Cox regression, with adjustment of significant event correlates to the average values of the study sample that underwent transplantation. --a Final models determined by Cox regression with stepwise selection. NS categorical strata were collapsed into reference groups by the selection procedure, specifically, BMI categories of underweight, normal, and overweight; ESRD causes of glomerulonephritis, polycystic kidney disease, and others not primarily caused by diabetes or hypertension; pretransplantation dialysis durations of none (preemptive), Ͼ0 to 24 mo, and Ͼ60 mo; maintenance discharge immunosuppression regimens of CSA and MMF, CSA and azathioprine, tacrolimus and azathioprine or MMF, and rapamycin based. Adjustment covariates considered but not significantly related to any outcome were recipient race, education, congestive heart failure, peripheral vascular disease, chronic obstructive pulmonary disease, and alcohol abuse history; donor type, gender, race, and death as a result of cerebrovascular accident; HLA match; and CMV sero-pairing. aHR, adjusted hazards ratio; CI, confidence interval.
b Modeled as a time-varying covariate. c P Ͻ 0.01. d P Ͻ 0.05. e P Ͻ 0.001.
tation are relatively common, affecting nearly 7% of recipients with functional grafts by 3 yr after transplantation, and that all CVE forms have adverse mortality implications. Beyond the peritransplantation period, incidence patterns for each of the studied CVE types seem lower after transplantation than adjusted incidence on the waiting list and among transplant recipients after allograft failure. Transplantation predicted consistent time-dependent risk reductions among transplant candidates, whereas graft failure was associated with approximately 2.5 times the risk for subsequent CVE. Previous studies of CVE among transplant recipients have been limited by small numbers of observed events (8 -10), which restrict precision of estimated disease frequency and the number of predictors that may reasonably fit in a multivariable regression model. Those studies also included participants with pretransplantation CVE; therefore, the outcomes included a blend of recurrent and de novo, rather than only new-onset, events. Similar to our findings, those analyses identified risk factors including older age, diabetes, and baseline cardiovascular disease; however, no significant associations of CVE risk with recipient gender or race, donor traits, or transplant factors emerged from these studies, and variations in risk with receipt and loss of the graft were not considered.
In our large study sample, we found that female gender was associated with modestly increased risk for ischemic stroke, TIA, and the composite outcome after transplantation and with all CVE forms on the waiting list. Although male gender is a classical coronary disease risk factor in the general population, traditional gender patterns may not hold for cardiovascular disease events after transplant. Previous studies found modestly higher risk for new-onset congestive heart failure after transplantation among women compared with men (5) and an erosion in the protective association of female gender with posttransplantation myocardial infarction with the passage of time after transplantation (3). One analysis of long-term dialysis patients in the USRDS found slightly higher relative risk for death as a result of CVE among women versus men, but the difference did not quite reach statistical significance (21) . Notably, higher CVE risk among women in this study was detected for events that were also more common with advancing age. Overall survival after transplantation was longer for women in this sample, suggesting that truncation of time at risk for men to experience age-dependent CVE by competing causes of mortality ("competing risks") may in part explain observed gender associations. The important conclusion is that women are not protected from CVE after transplantation or on the waiting list. Similar to our observation of reduced risk for some forms of CVE among nonwhite compared with white patients, lower risks for an array of cardiac disease events in nonwhite patients have been reported in dialysis and transplantation cohorts (3,4,6,22,23). Further study is needed to determine whether these patterns reflect differential ascertainment, as from differential access to care, or true racial and ethnic risk variation.
Smoking emerged as a potentially preventable correlate of CVE, predicting approximately 45% higher risk for CVE after transplantation and a similar magnitude increase in the risk for hemorrhagic stroke after listing. These findings are notable because the low reported smoking rates among the samples suggest underreporting, a form of misclassification that when randomly introduced tends to bias effect estimates toward a null result. Smoking also predicts increased risk for congestive heart failure after transplantation (5). Thus, counseling on the importance of smoking cessation should be emphasized during candidate preparation. Whereas obesity has been linked with increased risk for heart failure (5,12), cardiac death (24) , and a composite cardiovascular end point (9) after transplantation, we did not detect variation in the risk for ischemic stroke, TIA, or CVE according to recipient body mass index category. Furthermore, we observed a "reverse" association of obesity with posttransplantation hemorrhagic stroke. The explanation for this protective association is not known, but "competing risks" may be hypothesized. A similar pattern of reduced risk for CVE among obese transplant recipients was reported in one recent cohort study (9) .
As in this study, previous analyses found associations of Final models determined by Cox regression with stepwise selection. NS categorical strata were collapsed into reference groups by the selection procedure (e.g., age groups of 18 to 30 and 31 to 44 yr, causes of ESRD other than diabetes). Adjustment covariates considered in the analysis but not significantly related to any outcome were recipient gender, ethnicity, education, BMI, coronary artery disease, arrhythmia, peripheral vascular disease, chronic obstructive pulmonary disease, smoking history, and alcohol abuse history; donor type, gender, hypertension, and death as a result of cerebrovascular accident; and HLA match, delayed graft function, immunosuppression, and cause of graft failure.
b P Ͻ 0.01. c P Ͻ 0.001. d P Ͻ 0.05.
older donor age, donor hypertension, and delayed graft function with increased risk for cardiac events after transplantation (3, 5, 6) . These findings may be mediated by adverse relationships with long-term allograft function. Our observation of reduced risk for ischemic stroke and the CVE composite among recipients who were treated with induction immunosuppression regimens and increased risk for ischemic and hemorrhagic stroke among patients who were treated with "nonstandard" maintenance immunosuppression may reflect residual confounding by patient characteristics that influence treatment choice and should not be interpreted as evidence of causality without prospective investigation. This study extends evidence for the cardiovascular-protective benefits of transplantation to CVE. Risks for CVE were 41 to 75% higher among candidates who remained on the waiting list compared with those who received a transplant, and posttransplantation risk increased 141 to 186% among transplant recipients after allograft failure. Although there is potential for some selection bias in that transplant recipients who remain on the waiting list may differ systematically from those who ultimately receive a transplant by factors that are not recorded in the registry and we cannot exclude a role of factors that simultaneously promote graft loss and exacerbate CVE risk, these effect sizes are large and thus unlikely to reflect only residual confounding. Results were similar in sensitivity analyses that incorporated censoring at waiting list removal for indications other than transplantation. These findings resonate with recent evidence of reduced risk for cardiac morbidity and mortality after transplantation but increased risk after graft loss (2) (3) (4) (5) (6) 25, 26) . This study is limited by its retrospective design and our inability to confirm objectively clinically coded diagnoses. We lacked quantitative information on candidate predictors, including levels of BP and laboratory values. Description of comorbid conditions as dichotomous variables prevents detection of possible prognostic implications of disease severity. We also did not have information on medications aside from immunosuppression, such as statins and antithrombotic agents. Kidney transplant recipients who use Medicare as their primary insurer may differ systematically from those who use other reimbursement systems, and such differences limit the generalizability of our findings to patients with other forms of insurance or from countries outside the United States. Despite its limitations, this study is strengthened by basis in large sample size that exceeded those used in any study of CVE after kidney transplantation to date, by relatively complete follow-up of Medicare beneficiaries, and by consideration of a broad array of clinical variables in analyses of risk prediction.
Conclusions
In this large population-based study, we found that CVE diagnoses are common after kidney transplantation and predict increased risk for death. Smoking is a potentially preventable correlate of some CVE events before and after transplantation. Women with ESRD are not protected from CVE. Importantly, we found that risk for all CVE types was lower among transplant candidates who received organs compared with those who remained on the waiting list but that risk increased markedly when the allograft failed. Along with known benefits for diverse ESRD complications, transplantation with sustained graft function seems to reduce risk for vascular disease events involving the cerebral circulation.
